The development of eco-friendly technologies in material synthesis is of considerable importance to expand their biological applications. Nowadays, a variety of inorganic nanoparticles with well-defined chemical composition, size, and morphology have been synthesized by using different microorganisms, and their applications in many cutting-edge technological areas have been explored. This paper highlights the recent developments of the biosynthesis of inorganic nanoparticles including metallic nanoparticles, oxide nanoparticles, sulfide nanoparticles, and other typical nanoparticles. Different formation mechanisms of these nanoparticles will be discussed as well. The conditions to control the size/shape and stability of particles are summarized. The applications of these biosynthesized nanoparticles in a wide spectrum of potential areas are presented including targeted drug delivery, cancer treatment, gene therapy and DNA analysis, antibacterial agents, biosensors, enhancing reaction rates, separation science, and magnetic resonance imaging (MRI). The current limitations and future prospects for the synthesis of inorganic nanoparticles by microorganisms are discussed.
Introduction
Nanoparticles-particles having one or more dimensions of the order of 100 nm or less-have attracted great attention due to their unusual and fascinating properties, and applications advantageous over their bulk counterparts [1, 2] . There are a large number of physical, chemical, biological, and hybrid methods available to synthesize different types of nanoparticles [3] [4] [5] [6] . Although physical and chemical methods are more popular in the synthesis of nanoparticles, the use of toxic chemicals greatly limits their biomedical applications, in particular in clinical fields. Therefore, development of reliable, nontoxic, and eco-friendly methods for synthesis of nanoparticles is of utmost importance to expand their biomedical applications. One of the options to achieve this goal is to use microorganisms to synthesize nanoparticles.
Nanoparticles produced by a biogenic enzymatic process are far superior, in several ways, to those particles produced by chemical methods. Despite that the latter methods are able to produce large quantities of nanoparticles with a defined size and shape in a relatively short time, they are complicated, outdated, costly, and inefficient and produce hazardous toxic wastes that are harmful, not only to the environment but also to human health. With an enzymatic process, the use of expensive chemicals is eliminated, and the more acceptable "green" route is not as energy intensive as the chemical method and is also environment friendly. The "biogenic" approach is further supported by the fact that the majority of the bacteria inhabit ambient conditions of varying temperature, pH, and pressure. The particles generated by these processes have higher catalytic reactivity, greater specific surface area, and an improved contact between the enzyme and metal salt in question due to the bacterial carrier matrix [7, 8] .
Nanoparticles are biosynthesized when the microorganisms grab target ions from their environment and then turn the metal ions into the element metal through enzymes 2 Journal of Nanomaterials generated by the cell activities. It can be classified into intracellular and extracellular synthesis according to the location where nanoparticles are formed [8, 9] . The intracellular method consists of transporting ions into the microbial cell to form nanoparticles in the presence of enzymes. The extracellular synthesis of nanoparticles involves trapping the metal ions on the surface of the cells and reducing ions in the presence of enzymes [10] . The biosynthesized nanoparticles have been used in a variety of applications including drug carriers for targeted delivery, cancer treatment, gene therapy and DNA analysis, antibacterial agents, biosensors, enhancing reaction rates, separation science, and magnetic resonance imaging (MRI).
This paper provides a brief overview of the current research activities that center on the biological synthesis of metallic nanoparticles, oxide nanoparticles, sulfide nanoparticles, and other types of nanoparticles. This is followed by discussions of the particle biosynthesis mechanisms and the conditions to control the size/shape and monodispersity of particles. Next, current applications of biosynthesized nanoparticles in the nanomedicine and biological fields are presented. The paper concludes with discussions on the current limitations and prospects of nanoparticle synthesis by microorganisms.
Biological Synthesis of Nanoparticles by Microorganisms
Biological entities and inorganic materials have been in constant touch with each other ever since inception of life on the earth. Due to this regular interaction, life could sustain on this planet with a well-organized deposit of minerals.
Recently scientists become more and more interested in the interaction between inorganic molecules and biological species. Studies have found that many microorganisms can produce inorganic nanoparticles through either intracellular or extracellular routes. This section describes the production of various nanoparticles via biological methods following the categories of metallic nanoparticles including gold, silver, alloy and other metal nanoparticles, oxide nanoparticles consisting of magnetic and nonmagnetic oxide nanoparticles, sulfide nanoparticles, and other miscellaneous nanoparticles.
Metallic Nanoparticles.
Some typical metal nanoparticles produced by microorganisms are summarized in Table 1 .
Gold Nanoparticles.
Gold nanoparticles (AuNPs) have a rich history in chemistry, dating back to ancient Roman times where they were used to stain glasses for decorative purposes. AuNPs were already used for curing various diseases centuries ago. The modern era of AuNPs synthesis began over 150 years ago with the work of Michael Faraday, who was possibly the first to observe that colloidal gold solutions have properties that differ from bulk gold [11] . Biosynthesis of nanoparticles as an emerging bionanotechnology (the intersection of nanotechnology and biotechnology) has received considerable attention due to a growing need to develop environment-friendly technologies in materials synthesis. Sastry and coworkers have reported the extracellular synthesis of gold nanoparticles by fungus Fusarium oxysporum and actinomycete Thermomonospora sp., respectively [12, 13] . They reported the intracellular synthesis of gold nanoparticles by fungus Verticillium sp. as well [14] . Southam [17, 18] . Nair and Pradeep reported the growth of nanocrystals and nanoalloys using Lactobacillus [19] . Some other typical gold nanoparticles produced by microorganisms are summarized in Table 1 [20] [21] [22] [23] [24] [25] [26] [27] .
Silver Nanoparticles.
Silver nanoparticles, like their bulk counterpart, show effective antimicrobial activity against Gram-positive and Gram-negative bacteria, including highly multiresistant strains such as methicillinresistant Staphylococcus aureus [28] . The secrets discovered from nature have led to the development of biomimetic approaches to the growth of advanced nanomaterials. Recently, scientists have made efforts to make use of microorganisms as possible eco-friendly nanofactories for the synthesis of silver nanoparticles. Various microbes are known to reduce the Ag + ions to form silver nanoparticles, most of which are found to be spherical particles [29] [30] [31] . Klaus and coworkers have shown that the bacterium Pseudomonas stutzeri AG259, isolated from a silver mine, when placed in a concentrated aqueous solution of silver nitrate, played a major role in the reduction of the Ag + ions and the formation of silver nanoparticles (AgNPs) of well-defined size and distinct topography within the periplasmic space of the bacteria [32] . AgNPs were synthesized in the form of a film or produced in solution or accumulated on the surface of its cell when fungi, Verticillium, Fusarium oxysporum, or Aspergillus flavus, were employed [33] [34] [35] [36] . Some other silver nanoparticles produced by microorganisms are listed in Table 1 [3] . Konishi and coworkers reported that platinum nanoparticles were achieved using the metal ion-reducing bacterium Shewanella algae [49] . Resting cells of S. algae were able to reduce aqueous PtCl 6 2− ions into elemental platinum at room temperature and neutral pH within 60 min when lactate was provided as the electron donor. Platinum nanoparticles of about 5 nm were located in the periplasm. Sinha and Khare demonstrated that mercury nanoparticles can be synthesized by Enterobacter sp. cells [50] . The culture conditions (pH 8.0 and lower concentration of mercury) promote the synthesis of uniform-sized 2-5 nm, spherical, and monodispersed intracellular mercury nanoparticles. Pyrobaculum islandicum, an anaerobic hyperthermophilic microorganism, was reported to reduce many heavy metals including U(VI), Tc(VII), Cr(VI), Co(III), and Mn(IV) with hydrogen as the electron donor [51] . The palladium nanoparticles could be synthesized by the sulfatereducing bacterium, Desulfovibrio desulfuricans, and metal ion-reducing bacterium, S. oneidensis [52] [53] [54] . Some other nanoparticles produced by microorganisms are also listed in Table 1 [55, 56] .
Oxide Nanoparticles.
Oxide nanoparticle is an important type of compound nanoparticle synthesized by microbes. In this section, we reviewed the biosynthesized oxide nanoparticles from the two aspects: magnetic oxide nanoparticles and nonmagnetic oxide nanoparticles. Most of the examples of the magnetotactic bacteria used for the production of magnetic oxide nanoparticles and biological systems for the formation of nonmagnetic oxide nanoparticles have been summarized in Table 2 [57] .
Magnetotactic bacteria synthesize intracellular magnetic particles comprising iron oxide, iron sulfides, or both [58, 59] . In order to distinguish these particles from artificially synthesized magnetic particles (AMPs), they are referred to as bacterial magnetic particles (BacMPs) [60] . BacMPs, which are aligned in chains within the bacterium, are postulated to function as biological compass needles that enable the bacterium to migrate along oxygen gradients in aquatic environments, under the influence of the Earth's geomagnetic field [61] . BacMPs can easily disperse in aqueous solutions because they are enveloped by organic membranes that mainly consist of phospholipids and proteins. Furthermore, an individual BacMP contains a single magnetic domain or magnetite that yields superior magnetic properties [62] .
Since the first report of magnetotactic bacteria in 1975 [61] , various morphological types including cocci, spirilla, vibrios, ovoid bacteria, rod-shaped bacteria, and multicellular bacteria possessing unique characteristics have been identified and observed to inhabit various aquatic environments [62, 63] . Magnetotactic cocci, for example, have shown high diversity and distribution and have been frequently identified at the surface of aquatic sediments. The discovery of this bacterial type, including the only cultured magnetotactic coccus strain MC-1, suggested that they are microaerophilic. In the case of the vibrio bacterium, three facultative anaerobic marine vibrios-strains MV-1, MV-2, and MV-4-have been isolated from estuarine salt marshes. These bacteria have been classified as members of α-Proteobacteria, possibly belonging to the Rhodospirillaceae family, and observed to synthesize BacMPs of a truncated hexa-octahedron shape and grow chemoorganoheterotrophically as well as chemolithoautotrophically. The members of the family Magnetospirillaceae, on the other hand, can be found in fresh water sediments. With the use of growth medium and magnetic isolation techniques established, a considerable number of the magnetotactic bacteria isolated to date have been found to be members of this family. The Magnetospirillum magnetotacticum strain MS-1 was the first member of the family to be isolated [63] , while the Magnetospirillum gryphiswaldense strain MSR-1 is also well studied with regard to both its physiological and genetic characteristics. Magnetospirillum magneticum AMB-1 isolated by Arakaki et al. was facultative anaerobic magnetotactic spirilla [60] .
A number of new magnetotactic bacteria have been found in various aquatic environments since 2000. Some of the newly identified magnetotactic bacteria have been summarized in Table 2 . Uncultured magnetotactic bacteria have been observed in numerous habitats [78] . Most known cultured magnetotactic bacteria are mesophilic and tend not to grow much above 30
• C. Uncultured magnetotactic bacteria were mostly at 30
• C and below. There are only a few reports describing thermophilic magnetotactic bacteria. Lefèvre et al. reported that one of magnetotactic bacteria called HSMV-1 was found in samples from springs whose 4 Journal of Nanomaterials [52] temperatures ranged from 32 to 63
• C [71] . TEM images of unstained cell of HSMV-1 showed a single polar flagellum and a single chain of bullet-shaped magnetosomes. The average number of magnetosome crystals per cell is 12 ± 6 with an average size of 113 ± 34 nm by 40 ± 5 nm. The results from the paper clearly showed that some magnetotactic bacteria can be considered at least moderately thermophilic. They extended the upper temperature limit for environments where magnetotactic bacteria exist and likely grow (∼63 • C) and where magnetosome magnetite is deposited [71] . Zhou et al. reported that magnetic Fe 3 O 4 materials with mesoporous structure were synthesized by coprecipitation method using yeast cells as a template [67, 68] . Some other magnetic oxide nanoparticles are listed in Table 2 6 2− and TiF 6 2− , respectively [75] . They also prepared tetragonal BaTiO 3 and quasispherical ZrO 2 nanoparticles from F. oxysporum with a size range of 4-5 nm and 3-11 nm, respectively [76, 77] .
Sulfide Nanoparticles.
In addition to oxide nanoparticles, sulfide nanoparticles have also attracted great attention in both fundamental research and technical applications as quantum-dot fluorescent biomarkers and cell labeling agents because of their interesting and novel electronic and optical properties [97] . CdS nanocrystal is one typical type of sulfide nanoparticle and has been synthesized by microorganisms. Cunningham and Lundie found that Clostridium thermoaceticum could precipitate CdS on the cell surface as well as in the medium from CdCl 2 in the presence of cysteine hydrochloride in the growth medium where cysteine most probably acts as the source of sulfide [98] . Klebsiella pneumoniae exposed to Cd 2+ ions in the growth medium were found to form 20-200 nm CdS on the cell surface [99] . Intracellular CdS nanocrystals, composed of a wurtzite crystal phase, are formed when Escherichia coli is incubated with CdCl 2 and Na 2 SO 4 [83] . Nanocrystal formation varies dramatically depending on the growth phase of the cells and increases about 20-fold in E. coli grown in the stationary phase compared to that grown in the late logarithmic phase. Dameron et al. have used S. pombe and C. glabrata (yeasts) to produce intracellular CdS nanoparticles with cadmium salt solution [85] . ZnS and PbS nanoparticles were successfully synthesized by biological systems. Rhodobacter sphaeroides and Desulfobacteraceae have been used to obtain ZnS nanoparticles intracellularly with 8 nm and 2-5 nm in average diameter, respectively [86, 87] . PbS nanoparticles were also synthesized by using Rhodobacter sphaeroides, whose diameters were controlled by the culture time [88] . Ahmad et al. have found Eukaryotic organisms such as fungi to be a good candidate for the synthesis of metal sulfide nanoparticles extracellularly [89] . Some stable metal sulfide nanoparticles, such as CdS, ZnS, PbS, and MoS 2 , can be produced extracellularly by the fungus F. oxysporum when exposed to aqueous solution of metal sulfate. The quantum dots were formed by the reaction of Cd 2+ ions with sulfide 3 , and approximately 10 5 cells were obtained after purification by the racetrack method. Magnetosomes in the uncultured cells exhibited elongated rectangular shape. The average magnetosome number per cell was approximately 40, and they were mainly located as a large cluster within the cell. Aligned magnetosomes forming a chainlike structure were also observed beside the large cluster. Sulfate-reducing bacteria were capable of producing magnetic FeS nanoparticles [90] . Some other sulfide nanoparticles produced by microorganisms are summarized in Table 3 [79] [80] [81] [82] [83] [84] .
Other Nanoparticles.
In biological systems, a large variety of organisms form organic/inorganic composites with ordered structures by the use of biopolymers such as protein and microbe cells. In addition to nanoparticles mentioned above, PbCO 3 , CdCO 3 , SrCO 3 , PHB, Zn 3 (PO 4 ) 2 , and CdSe nanoparticles were reported to be synthesized by microbes (Table 4) [91] [92] [93] [94] [95] . SrCO 3 crystals were obtained when challenging fungi were incubated with aqueous Sr 2+ ions [92] . The authors believed that secretion of proteins during growth of the fungus Fusarium oxysporum is responsible for modulating the morphology of strontianite crystals and directing their hierarchical assembly into higherorder superstructures. Zinc phosphate nanopowders were synthesized with yeasts as biotemplates [93] . Yan et al. demonstrated the synthesis of Zn 3 (PO 4 ) 2 powders with butterfly-like microstructure with a size range of 10-80 nm in width and 80-200 nm in length [94] . Kumar et al. showed that highly luminescent CdSe quantum dots can be synthesized by F. oxysporum at room temperature [95] .
Mechanisms of Nanoparticle Formation by Microorganisms.
Different microorganisms have different mechanisms of forming nanoparticles. However, nanoparticles are usually formed following this way: metal ions are first trapped on the surface or inside of the microbial cells. The trapped metal ions are then reduced to nanoparticles in the presence of enzymes. In general, microorganisms impact the mineral formation in two distinct ways. They can modify the composition of the solution so that it becomes supersaturated or more supersaturated than it previously was with respect to a specific phase. A second means by which microorganisms can impact mineral formation is through the production of organic polymers, which can impact nucleation by favoring (or inhibiting) the stabilization of the very first mineral seeds [100] . This section reviewed the possible formation mechanisms for some typical nanoparticles: gold and silver nanoparticles, heavy metallic nanoparticles, magnetic nanoparticles, and sulfide nanoparticles.
The exact mechanism for the intracellular formation of gold and silver nanoparticles by Verticillium sp. or algal biomass was not fully understood. But the fact that nanoparticles were formed on the surface of the mycelia and not in the solution supports the following hypothesis: the gold or silver ions were first trapped on the surface of the fungal cells via electrostatic interaction between the ions and negatively charged cell wall from the carboxylate groups in the enzymes. Next, the enzymes reduced the metal ions to form gold or silver nuclei, which subsequently grow through further reduction and accumulation [42] . Kalishwaralal and co-workers speculated that the nitrate reductase enzyme is involved in the synthesis of silver nanoparticles in B. licheniformis [101] . This enzyme is induced by nitrate ions and reduces silver ions to metallic silver. The possible mechanism that may involve the reduction of silver ions is the electron shuttle enzymatic metal reduction process. NADH and NADH-dependent nitrate reductase enzymes are important factors in the biosynthesis of metal nanoparticles. B. licheniformis is known to secrete the cofactor NADH and NADH-dependent enzymes, especially nitrate reductase, which might be responsible for the bioreduction of Ag + to Ag 0 and the subsequent formation of silver nanoparticles [25] .
The formation of heavy metallic nanoparticles can be attributed to the metallophilic microorganism's developed genetic and proteomic responses to toxic environments [102] . Heavy metal ions, for example, Hg 2+ , Cd 2+ , Ag + , Co 2+ , CrO 4 2+ , Cu 2+ , Ni 2+ , Pb 2+ , and Zn 2+ , cause toxic effects to the survival of microorganisms. To counter these effects, microorganisms have developed genetic and proteomic responses to strictly regulate metal homeostasis [103] . Microorganisms harbor numerous metal resistance gene clusters enabling cell detoxification via a number of mechanisms such as complexation, efflux, or reductive precipitation. Hence metallophilic bacteria thrive in environments containing high concentrations of mobile heavy metal ions, such as mine waste rock piles, efflux streams of metal processing plants, and naturally mineralized zones [104] .
The molecular mechanism of BacMP biomineralization is hypothesized to be a multistep process [60] . The first step involves the invagination of the cytoplasmic membrane, and the vesicle formed serves as the precursor of the BacMP membrane. The mechanism of envelope formation, however, still remains unclear. It is most probable that the mechanisms of vesicle formation for magnetotactic bacteria are similar to most eukaryotes and that a specific GTPase mediates the priming of the invagination. The formed vesicles were then assembled into a linear chain along with cytoskeletal filaments. The second step of BacMP biomineralization involves the accumulation of ferrous ions into the vesicles by the transmembrane iron transporters. External iron is internalized by transport proteins and siderophores. The internal iron is controlled strictly by an oxidation-reduction system. In the final step, tightly bound BacMP proteins trigger magnetite crystal nucleation and/or regulate morphology. Various proteins associated with the BacMP membrane could play functional roles involved in magnetite generation. These include the accumulation of supersaturating iron concentrations, maintenance of reductive conditions and the oxidation of iron to induce mineralization, or the partial reduction and dehydration of ferrihydrite to magnetite [60] . Another possible mechanism for the synthesis of magnetites using Shewanella oneidensis, which consists of both passive and active mechanisms, was recently suggested by Perez-Gonzalez and coworkers [64] . First, active production of Fe 2+ occurs when bacteria utilize ferrihydrite as a terminal electron acceptor, and the pH value surrounding the cells rises probably due to the bacterial metabolism of amino acids. Then, through a passive mechanism, the localized concentration of Fe 2+ and Fe 3+ at the net negatively charged cell wall, cell structures, and/or cell debris induces a local rise of supersaturation of the system with respect to magnetite, causing the magnetite phase to precipitate.
Sanghi and Verma proposed that the formation of CdS NPs is through disulfide (cystine) bridges and may be attributed to cleavage of S-H bond and formation of a new bond, that is, -S-Cd bond of Cd-thiolate (Cd-S-CH 2 COOH) complex on the nanoparticle surface [81] . The -COOH groups from the cadmium-thiolate complexes do not react with the -NH 2 groups of protein but interact with hydrogen bond. Therefore, the capped CdS nanoparticles are bonded to -NH 2 groups by hydrogen bond [105] . One of the oxygen atoms of the carboxylic group (-COOH) formed the coordinate bond between the oxygen atom and Cd 2+ ions [106] , thus competing with the thiol group to assemble onto the surfaces of the CdS nanoparticles.
Control of Size and Morphology of Nanoparticles.
It is well known that the electronic and optical properties of nanoparticles are heavily dependent on their size and shape. Thus, there has been tremendous interest in controlling the size, shape, and surrounding media of nanoparticles. Particular emphasis has recently been placed on the control of shape, because in many cases it allows properties to be fine-tuned with a great versatility that gives the particles a unique nature. Despite that the physical and chemical methods are able to produce large quantities of nanoparticles with a defined size and shape in a relatively short time, these methods are complicated and have certain drawbacks such as producing hazardous toxic wastes that are harmful, not only to the environment but also to human health. Microbes, which are regarded as potent eco-friendly green nanofactories, have the potential to control the size and shape of biological nanoparticles.
Gericke and Pinches found that the intracellular synthesis of gold nanoparticles of various morphologies and sizes could be obtained in two fungal cultures [22] , V. luteoalbum and another named Isolate 6-3. The rate of particle formation and the particle size could, to an extent, be manipulated by controlling parameters such as pH, temperature, gold concentration, and exposure time to AuCl 4 − . Various particle morphologies including spherical, triangular, hexagonal, and other shapes were present, as revealed by scanning electron microscopy. Large variations in particle size were observed and particle size varied from a few nanometers to approximately 100 nm in diameter. Their results also suggested that the spherical particles tended to be smaller than the hexagonal-and triangular-shaped particles. The bacterial cultures screened during the study tended to synthesize small, relatively uniform-sized gold nanoparticles intracellularly. The particles were observed mainly in the cytoplasm of the cells, and the majority of the particles were spherical in shape.
Gurunathan et al. studied optimum reaction conditions for maximum synthesis of AgNPs and reduction in particle size [41] . To find the optimum conditions, different medium and medium of varying concentrations of AgNO 3 , reaction temperatures and pH values were used in the synthesis of AgNPs. The medium contributing to the maximum synthesis was found to be a nitrate medium at a concentration of 5 mM AgNO 3 , a reaction temperature of 60
• C, and a pH value of 10.0. Under these optimum conditions, only 30 min was required to obtain over 95% conversion using the culture supernatant of E. coli. This is comparable to or faster than the synthesis rate of similar particles obtained using chemical methods. The average particle size could be tuned from 10-90 nm by varying the AgNO 3 concentration, reaction temperature, and pH.
On the synthesis of Pt nanoparticles, Riddin and coworkers found that in the absence of the spatial restrictions of the cell wall, the cell-soluble extract (CSE) was able to reduce Pt(IV) to form nanoparticles, which are stabilized in solution by bound proteins and exhibit both geometric and irregular morphologies [107] . It appeared that high initial Pt(IV) concentrations resulted in particles that were more regular and geometric in nature. At high initial Pt(IV) concentrations, more hydrochloride was generated (pH ≤ 4) within the system, resulting in the precipitation of the nanoparticle-protein bioconjugates and the subsequent decrease of the number of soluble particles present in the colloid. Furthermore, they demonstrated that proteinstabilized biogenic Pt(0) nanoparticles with a great variation in size and shape can be synthesized in the absence of the cellular restrictions.
Magnetotactic bacteria produce iron oxide magnetic particles with uniform sizes and morphologies. Magnetites formed by magnetotactic bacteria take various shapes such as cuboids, bullet-shaped, rhombic, and rectangular. Various crystal morphologies and compositions have been observed that are species or strain dependent, indicating the presence of a high degree of biological control [66] .
Arakaki et al. found that Mms6 is a dominant protein that tightly associates with the surface of bacterial magnetites in Magnetospirillum magneticum AMB-1 [108] . The protein was showed to mediate the formation of uniform magnetite crystals of cubo-octahedral morphology. Magnetite formation was investigated using synthetic peptides mimicking the Mms6 protein. Particles synthesized in the presence of short peptides harboring the C-terminal acidic region of Mms6 exhibited a spherical morphology with circularities of 0.70-0.90, similar to those of bacterial magnetites and particles formed in the presence of the Mms6 protein. In contrast, a rectangular morphology with circularities of 0.60-0.85 was obtained when other peptides were used in synthesis [108] .
The same group introduced another method for the highly regulated synthesis of magnetite crystals at reduced temperatures in aqueous solution using recombinant magnetotactic bacterial protein Mms6. Crystallographic analysis of the magnetite crystals indicates that Mms6 mediates the formation of magnetite particles with a specific crystal shape and narrow size distribution similar to those observed in magnetic bacteria. Mms6 aggregates in aqueous solution, has a strong affinity for iron ions, and contains a sequence motif similar to several biomineralization scaffold proteins in other organisms. The crystals exhibit similar sizes (20 nm) and morphologies (cubo-octahedral), as opposed to crystals formed in the absence of Mms6. This suggests that Mms6 has a strong effect in regulating the size and shape of nanoparticles during the synthesis process [66] .
The control of particle size has also been demonstrated for other nanoparticles. For example, Yan et al. found that the inducing of yeasts is an effective way to obtain zinc phosphate powders with narrow size distribution in diameter [94] . Their method utilized the function of the yeasts in the reaction system to inhibit the excess agglomeration of Zn 3 (PO 4 ) 2 crystals to effectively control the particle size and size distribution.
Applications of Nanoparticles
Nanomedicine is a burgeoning field of research with tremendous prospects for the improvement of the diagnosis and treatment of human diseases [109] . Dispersed nanoparticles are usually employed in nanobiomedicine as fluorescent biological labels [110, 111] , drug and gene delivery agents [112, 113] , and in applications such as biodetection of pathogens [114] , tissue engineering [115, 116] , tumor destruction via heating (hyperthermia) [117] , MRI contrast enhancement [118] , and phagokinetic studies [119] .
A plethora of reviews and research papers studying the applications of nanoparticle in biomedicine have been published [120] [121] [122] [123] [124] [125] [126] [127] [128] [129] . While the field of biosynthesized nanoparticles is relatively new, researchers have already started exploring their use in applications such as targeted drug delivery, cancer treatment, gene therapy and DNA analysis, antibacterial agents, biosensors, enhancing reaction rates, separation science, and MRI. Here, we provide some examples to illustrate these applications.
Drug Delivery.
Delivering the drugs precisely and safely to their target sites at the right time to have a controlled release and achieve the maximum therapeutic effect is a key issue in the design and development of novel drug delivery systems. Targeted nanocarriers must navigate through blood-tissue barriers to reach target cells. They must enter target cells to contact cytoplasmic targets via specific endocytotic and transcytotic transport mechanisms across cellular barriers [109] .
Because of their small size, nanoparticle drug carriers can bypass the blood-brain barrier and the tight epithelial junctions of the skin that normally impede delivery of drugs to the desired target site. Secondly, as a result of their high surface area to volume ratio, nanocarriers show improved pharmacokinetics and biodistribution of therapeutic agents and thus minimize toxicity by their preferential accumulation at the target site [123] . They improve the solubility of hydrophobic compounds and render them suitable for parenteral administration. Furthermore, they increase the stability of a variety of therapeutic agents like peptides and oligonucleotides [120] .
Magnetic nanoparticles like Fe 3 O 4 (magnetite) and Fe 2 O 3 (maghemite) are known to be biocompatible. They have been actively investigated for targeted cancer treatment (magnetic hyperthermia), stem cell sorting and manipulation, guided drug delivery, gene therapy and DNA analysis, and MRI [57] . Xiang L. et al. evaluated the toxicity of magnetosomes from Magnetospirillum gryphiswaldense to mouse fibroblasts in vitro and found that the purified and sterilized magnetosomes were not toxic to mouse fibroblasts in vitro [129] . Meng et al. recently studied the influence of native bacterial magnetic particles on mouse immune response [130] . In their experiment, ovalbumin was used as an antigen, mixed with complete Freund's adjuvant, BacMps, and phosphate buffer solution, to immunize BALB/C mouse. After 14 days, the titers of the antiovalbumin (IgG) and subtype (IgG1, IgG2), the proliferation ability of T lymphocyte, and the expression of IL-2, IL4, IL-10, and IFN-gamma were detected. The results showed that native BMPs do not have significant influence on mouse immune response and magnetosomes have the potential to be used as novel drug or gene carriers for tumor therapy. In another study, Sun et al. loaded doxorubicin (DOX) onto bacterial magnetosomes (BMs) through covalent attachment and evaluated the ability of these particles to inhibit tumor growth [131] . In this study performed on H22 tumor-bearing mice, these DOXloaded BMs showed a comparable tumor suppression rate to DOX alone (86.8% versus 78.6%), but with much lower cardiac toxicity. Although, in this preliminary study, the particles were administrated subcutaneously into the solid tumor, the potential exists to magnetically manipulate these drug-loaded BMs, making them accumulate and execute therapeutic effects only at the disease sites.
Regarding the biocompatibility and pharmacokinetics of BMs, Sun et al. studied the distribution of BMs in dejecta, urine, serum, and main organs when BMs were injected into the sublingual vena of Sprague-Dawley (SD) rats [132] . They obtained BMs of high purity and narrow size-distribution using an effective method for purification and sterilization of BMs. Their results showed that BMs were only found in livers and there was no obvious evidence to indicate the existence of BMs in the dejecta and urine within 72 h following the intravenous administration [132] .
Magnetotactic bacteria (MTB) MC-1 with magnetosomes was also used as drug delivery agent. Felfoul et al. applied magnetotaxis to change the direction of each MTB embedded with combination of nanoparticles magnetite and the flagella to steer in small-diameter blood vessels [133] . However, in order to guide these MTBs towards a target, it is essential to be able to image these living bacteria in vivo using an existing medical imaging modality. It was shown that the magnetosomes embedded in each MTB can be used to track the displacement of these bacteria using an MRI system, since these magnetosomes disturb the local magnetic field affecting T 1 and T 2 relaxation times during MRI. Magnetic resonance, T 1 -weighted and T 2 -weighted images, as well as T 2 relaxivity of MTB are studied in order to validate the possibility of monitoring MTB drug delivery operations using a clinical MR scanner. It was found that MTB affect the T 2 relaxation rate much more than the T 1 relaxation rate and it can be thought as a negative contrast agent. As the signal decay in the T 2 -weighted images was found to change proportionally to the bacterial concentration, a detection limit of 2.2 × 10 7 cells/mL for bacterial concentration was achieved using a T 2 -weighted image.
Xie et al. reported their efforts to utilize MTB-NPs for gene delivery, in which they managed to use PEI-associated MTB-NPs to deliver β-galactosidase plasmids, at both in vitro and in vivo levels [134] . They concluded in their work that such MTB-PEI-NP systems are more efficient and less toxic compared with PEI alone.
Gold and its compounds have long been used as medicinal agents throughout the history of civilization with its earliest record dating back to 5000 years ago in Egypt [135] [136] [137] [138] [139] . In addition to a high surface-to-volume ratio, AuNPs have unique size-and shape-dependent optical and electronic properties. The surfaces of AuNPs can also be readily modified with ligands containing functional groups such as thiols, phosphines, and amines, which exhibit affinity for gold surfaces [139] . Gold nanoparticles have emerged as a promising scaffold for drug and gene delivery that provide a useful complement to more traditional delivery vehicles. The combination of low inherent toxicity, high surface area, stability, and function tunability provides them with unique attributes that should enable new delivery strategies. Biomedical applications of chemically synthesized AuNPs were studied before [138, 139] , but to our best knowledge there are no reports on the use of biosynthesized AuNPs for drug delivery.
Silver nanoparticles have been widely used as a novel therapeutic agent extending its use as antibacterial, antifungal, antiviral and antiinflammatory agent. Kalishwaralal et al. found silver nanoparticles, produced by Bacillus licheniformis, have the potential of anti-angiogenic [140] . Bovine retinal endothelial cells (BRECs) were treated with different concentrations of silver nanoparticles for 24 h in the presence and absence of vascular endothelial growth factor (VEGF), where 500 nM (IC 50 ) silver nanoparticle solution was able to block the proliferation and migration of BRECs. The cells showed a clear enhancement in caspase-3 activity and formation of DNA ladders, evidence of induction of apoptosis. The results showed that silver nanoparticles inhibit cell survival via PI3K/Akt-dependent pathway in BRECs [140] .
It is anticipated that nanoparticle-mediated targeted delivery of drugs might significantly reduce the dosage of anticancer drugs with better specificity, enhanced efficacy, and low toxicities. We believe that in the next few years we will see growing number of applications of nanotechnologybased therapeutics and diagnostics in clinics. In addition, individualized medicine is another important area where nanotechnology can play a pivotal role. Due to cancer heterogeneity and development of drug resistance, any particular targeted therapy may not be effective for every population of patients. Moreover, magnetic nanoparticles can be used for hyperthermia cancer treatment. Hyperthermia cancer treatment involves administering magnetic nanoparticles into the body, specifically at cancer tissue sites. Local heating at specific sites is enabled by means of an external magnetic field [141] .
Antibacterial Agent.
With the prevalence and increase of microorganisms resistant to multiple antibiotics, silverbased antiseptics have been emphasized in recent years. Silver nanoparticles were biosynthesized using fungus Trichoderma viride [31] . It was observed that the aqueous silver (Ag + ) ions, when exposed to a filtrate of T. viride, were reduced in solution, thereby leading to the formation of extremely stable AgNPs with the size of 5-40 nm. The nanoparticles were also evaluated for their increased antimicrobial activities with various antibiotics against Gram-positive and Gram-negative bacteria. The antibacterial activities of ampicillin, kanamycin, erythromycin, and chloramphenicol were increased in the presence of AgNPs against test strains. The highest enhancing effect was observed for ampicillin against test strains. The result showed that the combination of antibiotics with AgNPs has better antimicrobial effects and provided helpful insight into the development of new antimicrobial agents. Durán and coworkers showed that extracellularly produced silver nanoparticles using Fusarium oxysporum can be incorporated into textile fabrics to prevent or minimize infection with pathogenic bacteria such as Staphylococcus aureus [142] .
3.3.
Biosensor. Nanoparticles possess interesting electronic and optical properties and can be used in biosensor applications. Spherical selenium nanoparticles formed by the Bacillus subtilis with diameters ranging from 50 to 400 nm were reported [143] . These spherical monoclinic Se nanoparticles can be transformed into highly anisotropic, one-dimensional (1D) trigonal structure after one day at room temperature since their synthesis. Furthermore, Se nanomaterial crystals with high surface-to-volume ratio, good adhesive ability, and biocompatibility were employed as enhancing and settled materials for building HRP (horseradish peroxidase) biosensor. These sensors exhibited good electrocatalytic activity towards the reduction of H 2 O 2 due to the good adhesive ability and biocompatibility of Se nanomaterials. These H 2 O 2 biosensors had high sensitivity and affinity for H 2 O 2 with a detection limit of 8 × 10 −8 M. Their results also showed that different crystals of Se nanomaterials had no significant difference in electrochemical application. Thus, the Se nanomaterials-modified electrode will probably be promising for a wide range of applications related to the detection of H 2 O 2 in food, pharmaceutical, clinical, industrial and environmental analyses. Zheng et al. reported that Au-Ag alloy nanoparticles biosynthesized by yeast cells were applied to fabricate a sensitive electrochemical vanillin sensor [47] . Electrochemical investigations revealed that the vanillin sensor based on Au-Ag alloy nanoparticles-modified glassy carbon electrode was able to enhance the electrochemical response of vanillin for at least five times. Under optimal working conditions, the oxidation peak current of vanillin at the sensor linearly increased with its concentration in the range of 0.2-50 μM with a low detection limit of 40 nM. This vanillin sensor was successfully applied to the determination of vanillin from vanilla bean and vanilla tea sample, suggesting that it may have practical applications in vanillin monitoring systems. In another study, AuNP-based glucose oxidase (GO x ) biosensors were developed based on observations that AuNPs can increase the enzyme activity of GO x [144] . The linear response range of the glucose biosensor is 20 μM to 0.80 mM glucose with a detection limit of 17 μM (S/N = 3). This type of biosensor was successfully applied to determine the glucose content in commercial glucose injections.
Reaction Rate Enhancement Agent.
Nanoparticles have been widely used to improve various reactions as reductants and/or catalysts due to their large surface areas and specific characteristics [145] . Magnetic nanoparticles have been used to improve the microbiological reaction rates. In fact, magnetic nanoparticles were utilized not only for their catalytic function but also for their good ability to disperse. Shan et al. made use of the coated microbial cells of Pseudomonas delafieldii with magnetic Fe 3 O 4 nanoparticles to fulfill desulfurization of dibenzothiophene [146] . The high surface energies of nanoparticles resulted in their strong adsorption on the cells. The application of an external magnetic field ensured that the cells were well diffused in the solution even without mixing and enhanced the possibility to collect cells for reuse. The results showed that the desulfurization efficiencies of P. delafieldii were not reduced and the cells could be reused several times.
Magnetic Separation and Detection.
Magnetic particles conjugated with biological molecules, which are attractive materials for building assay systems, have been proposed for use as a biological label. Competitive chemiluminescence enzyme immunoassays using antibodies immobilized onto BacMPs were developed for the rapid and sensitive detection of small molecules, such as environmental pollutants, hormone, and toxic detergents [147, 148] . Xenoestrogens, such as alkylphenol ethoxylates, bisphenol A (BPA), and linear alkylbenzene sulonates (LAS), were detectable using monoclonal antibodies immobilized onto BacMPs, based on the competitive reaction of xenoestrogens. The entire procedure was completed in 15 min, while typical plate methods could take more than 2.5 hours. This method provided a wider detection range and lower detection limit than ELISA, in which the same antibodies were used for comparison.
Surface modification of magnetic nanoparticles is an exciting area of research with various potential applications. The BacMP surface can be modified with aminosilane compounds in order to develop magnetic nanoparticle systems for DNA extraction. The use of magnetic particles as a solid-phase adsorbent is well suited for DNA extraction techniques because they can be easily manipulated through simple application of a magnet.
Future Prospects
There have been tremendous developments in the field of microorganism-produced nanoparticles and their applications over the last decade. However, much work is needed to improve the synthesis efficiency and the control of particle size and morphology. It is known that the synthesis of nanoparticles using microorganisms is a quite slow process (several hours and even a few days) compared to physical and chemical approaches. Reduction of synthesis time will make this biosynthesis route much more attractive. Particle size and monodispersity are two important issues in the evaluation of nanoparticle synthesis. Therefore, effective control of the particle size and monodispersity must be extensively investigated. Several studies have shown that the nanoparticles formed by microorganisms may be decomposed after a certain period of time. Thus, the stability of nanoparticles produced by biological methods deserves further study and should be enhanced [149] [150] [151] . Since the control of particle shape in chemical and physical synthesis of nanoparticles is still an ongoing area of research, biological processes with the ability to strictly control particle morphology would therefore offer considerable advantage. By varying parameters like microorganism type, growth stage (phase) of microbial cells, growth medium, synthesis conditions, pH, substrate concentrations, source compound of target nanoparticle, temperature, reaction time, and addition of nontarget ions, it might be possible to obtain sufficient control of particle size and monodispersity. Biosynthesis methods are advantageous also because nanoparticles are sometimes coated with a lipid layer that confers physiological solubility and stability, which is critical for biomedical applications and is the bottleneck of other synthetic methods. Research is currently carried out manipulating cells at the genomic and proteomic levels. With a better understanding of the synthesis mechanism on a cellular and molecular level, including isolation and identification of the compounds responsible for the reduction of nanoparticles, it is expected that short reaction time and high synthesis efficiency can be obtained.
Summary
Nanomedicine is a burgeoning field of research with tremendous prospects for the improvement of the diagnosis and treatment of human diseases. The biosynthesis of nanoparticles by microbes is thought to be clean, nontoxic, and environmentally acceptable "green chemistry" procedures. The use of microorganisms including bacteria, yeast, fungi, and actinomycetes can be classified into intracellular and extracellular synthesis according to the location where nanoparticles are formed. The rate of intracellular particle formation and therefore the size of the nanoparticles could, to an extent, be manipulated by controlling parameters such as pH, temperature, substrate concentration, and exposure time to substrate. Research is currently carried out manipulating microorganisms at the genomic and proteomic levels. With the recent progress and the ongoing efforts in improving particle synthesis efficiency and exploring their biomedical applications, it is hopeful that the implementation of these approaches on a large scale and their commercial applications in medicine and health care will take place in the coming years. Magnetotactic bacteria.
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